Background: Impairment of endothelial progenitor cells (EPCs) has been shown to contribute to the development of bronchopulmonary dysplasia (BPD). In the current study, the relationship between EPC changes of after birth and the development of BPD was investigated, and the effects of inhaled nitric oxide (iNO) on EPCs were evaluated.
Introduction
Bronchopulmonary dysplasia (BPD) is the main chronic respiratory disorder following premature birth and is diagnosed in approximately one quarter of infants less than 1500 g at birth [1] . Histologically, the ''new BPD'' is characterized by arrested lung growth, with decreased alveolarization and a dysmorphic vasculature [2] . Recent studies have suggested that blood vessels in the lung actively promote normal alveolar development [3] , and that disruption of angiogenesis can impair alveolarization and may play a central role in the pathogenesis of BPD [4, 5] .
Endothelial progenitor cells (EPCs) can migrate from bone marrow to the peripheral circulation, where they contribute to the repair of injured endothelium and to the formation of new blood vessels [6] . Several studies have suggested that EPCs may be involved in the pathogenesis of BPD. Balasubramaniam et al. [7] demonstrated that in neonatal mice, hyperoxia-induced EPCs reduction might contribute to impaired vascular and alveolar growth in the lung in cases of BPD. Recent studies have demonstrated that preterm infants, that subsequently develop BPD, have reduced numbers of EPC colonies in the cord blood [8, 9] . These results suggest that a decrease in EPCs at birth may contribute to the development of BPD. In contrast, a different clinical study reported that the number of EPCs present in peripheral blood at birth did not appear to affect the risk of developing BPD [10] . The contrasting results may reflect the fact that the number of EPCs in cord blood does not completely equate to the number present in the peripheral blood due to the impact of many factors that take place after birth. Therefore, the EPC level in peripheral blood may better predict the risk of developing BPD in preterm infants. However, dynamic changes in infant EPC levels after birth and the association with the development of BPD due to these changes has not been well documented.
In recent years, many studies have focused on the role of inhaled nitric oxide (iNO) for the prevention and treatment of BPD. A number of multicenter clinical trials have shown that iNO therapy reduces the incidence of BPD [11] [12] [13] . However, Mercier JC et al demonstrated that early use of iNO had not reduced the incidence of BPD in preterm infants [14] . The exact role of iNO and its mechanisms are still unclear. Studies in animal models have suggested that iNO stimulates angiogenesis and alveolarization [15] through enhanced signaling mediated by VEGF [16, 17] . Moreover, studies have demonstrated that endothelial nitric oxide synthase (eNOS) and NO play an important role in EPC mobilization [18, 19] . ENOS transcription enhancer and NO donor supplementation could increase the EPC level and improve EPC function [20, 21] . A recent in vitro study reported that NO gas treatment, during hyperoxia exposure, increased the growth of preterm cord blood-derived EPCs [22] . Moreover, in a previous study, we found that iNO promoted the mobilization and release of EPCs from bone marrow into circulation and contributed to vascular repair in a piglet model of acute lung injury [23] . However, it remains unknown whether iNO increases the EPC level, thus preventing the development of BPD, in premature infants.
The aim of this study was to investigate the dynamic changes of EPCs after birth and to evaluate the effects of iNO on peripheral EPC number and on the prevention and/or treatment of BPD.
Methods

Ethics Statement
The Ethics Committees of Children's Hospital of Fudan University approved this study (Approval Number: 2010003). Written informed consent was obtained from the parents of infants prior to NO inhalation and blood collection.
Study Design
Preterm infants with a gestational age of less than 32 weeks and a birth weight of less than 1500 g, were included in the study. All infants had been admitted within the first 6 hours of life to the tertiary neonatal intensive care unit between October 2010 and June 2011. Infants with congenital anomalies were excluded from the study. The infants were followed up until 36 weeks' postmenstrual age (PMA). At the same time, the initiation of iNO was recorded. The iNO treatment was given to infants according to physician's experience and infant's condition, especially for infants who were receiving assisted ventilation for lung disease (not apnea) between 7 and 21 days [11] . The inhaled NO was administered into the inspiratory limb of the ventilator circuit or between the Infant Flow driver and a humidifier using an iNO delivery system (Noventek, Shanghai, China). The NO and nitrogen dioxide levels at the end of the inspiratory limb were continuously monitored using electrochemical monitors (NOx-BOX, Bedfont Ltd, UK). INO was given at 5 ppm for one day and then decreased to 2 ppm until weaning. INO treatment was administered for a minimum of 7 days.
Data Collection
Clinical and outcome data were prospectively collected from the study population. The Clinical Risk Index for Babies-II score (CRIB-II) for the prediction of neonatal mortality and morbidity was calculated. The cumulative oxygen exposure value was calculated as reported previously [24] . BPD was defined as oxygen dependence for at least 28 postnatal days [25] . The severity of BPD was graded as mild, moderate or severe according to Jobe and Bancalari [26] . The association of EPC number at different time points with the development of secondary outcomes such as, patent ductus arteriosus (PDA), necrotizing enterocolitis (NEC), retinopathy of prematurity (ROP), intraventricular hemorrhage (IVH) and periventricular leukomalacia (PVL) were also examined.
Sample Collection
Peripheral blood samples were collected during routine laboratory exams at the following time points: birth (within the first 12 h of life), 7 days, 21 days, 28 days of age and 36 weeks' PMA. Blood samples were also obtained in infants who received iNO therapy before the initial iNO treatment and again after 7 days of inhalation. Blood samples were collected in heparinized tubes. About 0.1 ml of fresh whole blood was used for flow cytometry. Plasma was collected and stored at 220uC for further analysis.
Flow Cytometry
Cells were assessed in fresh whole blood samples as previously described [23] , using flow cytometry on. Briefly, 100 ul of peripheral blood was incubated with 10 ul FITC-conjugated CD34 monoclonal antibodies (mAbs) (BD Biosciences, CA, USA), 5 ml of APC-conjugated CD133 mAb (Meltenyi Biotec, CA, USA), and 10 ml of PE-conjugated KDR mAb (R&D Systems, Minneapolis, MN, USA). Blood was then stored at 4uC for 30 min. Red cells were then lysed and the frequency of EPCs was determined by a two-dimensional forward scatter/fluorescence dot plot analysis of the samples (FACSAria; BD Biosciences, Franklin Lakes, NJ, USA). Isotype controls were used for setting gates and for determining the positive/negative boundaries. The analysis was confirmed by running the FMO (fluorescence-minus-one) controls. After morphological gating was done to exclude granulocyte and cell debris, CD34
+ or CD133 + cells were gated and the resulting population was examined for dual expression of KDR, and triple positive cells were identified by the dual expression of KDR and CD133 in the CD34 gate. Approximately 500,000 cells were acquired. The EPC levels were expressed as the percentage of total mononuclear cells (MNC). The same trained operator performed all the tests throughout the study and was blind to the experiment.
Enzyme-linked Immunosorbent Assay
Plasma levels of VEGF, granulocyte-macrophage colony-stimulating factor (GM-CSF), stromal cell-derived factor-1 (SDF-1) and eNOS (R&D Systems, Minneapolis, MN, USA) were assessed using enzyme-linked immunosorbent assay kits. The procedures were performed according to the manufacturer's instructions.
NO Assay
NO concentration in plasma was evaluated by measuring the total NO 2 2/ NO 3 2 using the Griess reaction (Jiancheng Bioengineering Institute, Nanjing, China).
Statistical Analysis
The parametric and nonparametric continuous variables are reported as mean 6 standard deviation (SD) and the median and interquartile range or range, respectively. Categorical variables are described by count and relative frequency (%). Comparison between groups of continuous parametric and nonparametric variables was carried out using the Student's t-test and the nonparametric Mann-Whitney U-test, respectively. Categorical variables were compared between groups using the Fisher's exact test. A P value ,0.05 was considered statistically significant.
Results
Characteristics of Infants
Of the 60 infants that were included in the study, 25 developed BPD, 35 survived without BPD. The clinical characteristics, including maternal data and incidence of complications are displayed in Table 1 . The mean gestational age (GA) and birth weight were lower in infants who developed BPD compared with infants who did not. BPD infants had significantly higher CRIB II scores. There was no difference in the premature rupture of membranes (PROM) when comparing infants who later developed BPD to infants that did not.
Infants with BPD had a longer duration of exposure to oxygen, nasal continuous positive airway pressure and mechanical ventilation. The cumulative oxygen exposure value was significantly higher for infants who developed BPD compared with those who did not. The incidence of patent ductus arteriosus (PDA) and ROP was significantly higher in infants who developed BPD vs. those that did not.
Of the infants who developed BPD, 20 infants received iNO therapy, with a mean GA of 28.161.3 weeks, and a mean BW of 11666198 g. The starting time of the NO treatment was 17.068.1 days of age.
The Dynamic Changes of EPCs in Infants with and without BPD
There was no difference in the WBC counts at birth between infants who subsequently developed BPD and those who did not (9.366.5 vs. 12.768.1 610 9 per L, P = 0.153). EPC levels at different time points after birth were compared. In both the BPD and non-BPD groups, the number of CD34 + cells were highest at birth, but were markedly decreased by day 7 (P = 0.003). There was a slight trend for CD34 + and CD133 + cells to be decreased during different time points after day 7, although this was not significant.
There was no difference in all of the EPC sub-types at birth when comparing infants with and without BPD. However Interestingly, we found that BPD infants had a persistently lower VEGF concentration compared with the non-BPD infants from birth to day 21 (Table 3) . No difference was found in plasma SDF-1 levels between infants with and those without BPD at any time point, although SDF-1 levels tended to be lower in BPD infants. There was no significant difference in the level of plasma GM-CSF at any time point between infants with and without BPD. Unexpectedly, we found that NO level was decreased in BPD infants compared to non-BPD infants on day 7 and 28.
In addition, the association between the EPC level and the severity of BPD was evaluated. Severe BPD infants displayed lower levels of EPCs compared to mild BPD infants on day 7, which was statistically significant for KDR (Fig. 1) . There was no difference in EPC subtypes between infants with mild, moderate or severe BPD infant was observed at birth or at any other time points.
The EPC Number Increased after iNO in BPD Infants
There was no difference when comparing the WBC count before and after iNO therapy (11.866 (Fig. 2) . There was no difference between pre-and post-iNO treatment levels of eNOS, SDF-1 and GM-CSF.
The Relationship between EPC Level and Secondary Outcomes
We also assessed whether different cell phenotypes were correlated with the presence of other diseases in preterm infants. We found that infants who later developed ROP tended to have higher levels of circulating progenitor cells at birth than infants Table 4 . The percentages of cell subsets in circulating blood pre and post iNO therapy.
Before iNO
After iNO P value .17]%, P = 0.029). However, there were no significant differences in the concentration of VEGF between the two groups (584.26244.5 pg/ml vs. 480.36269.7 pg/ml; P = 0.088). Conversely, no differences were observed between infants with and without IVH, PDA and NEC in any of the studied cell subsets studied.
Discussion
The contribution of impaired vascular growth to the development of BPD has been extensively studied. Several studies have demonstrated that EPCs may contribute to angiogenesis in the developing lung and have shown promise for the prevention and treatment of BPD. In the current study, we found that infants with lower EPC levels during early days after birth had higher risk of developing BPD. Furthermore, we found that iNO treatment could increase the level of circulating EPCs.
It should be acknowledged that no consensus has yet been reached regarding methods for EPC identification. Flow cytometry is a convenient, rapid, and purely quantitative method used for population based studies. In many studies, three surface antigens and the corresponding subpopulations of EPCs (CD34 + KDR + , KDR + CD133 + and CD34 + KDR + CD133 + cells) have been used for EPC enumeration, and have been shown to correlate with the severity of the disease state [27] [28] [29] . In this context, we studied these specific combinations of antigens to detect different EPC populations and their correlation with clinical and experimental data.
Recent studies have reported somewhat contradictory results as to whether EPC number is related to the development of BPD. A previous study using flow cytometry showed that infants who had a lower number of EPC colonies in cord blood and circulating EPCs at birth were at an increased risk of developing BPD [8] . However, other studies that used flow cytometry for EPCs quantification reported no association between EPC levels at birth and the development of BPD [10] . In contrast, a recent study demonstrated that a high number of circulating EPCs at birth was associated with higher risk of BPD [30] , however, this study did not rule out the potential influence of GA. In the present study, we did not find a lower level of EPCs in infants who later developed BPD at birth. This could be attributed to the lower GA in the group that later developed BPD since an inverse correlation between EPC and GA has been well documented, especially during the first 48 h of life [31] . We did find that the EPC level was significantly decreased on day 7 in infants that later developed BPD compared to infants without BPD. And this has not been reported previously. These data suggested that a decreased EPC level during the first week of life might be an important factor responsible for the development of BPD in preterm infants. Moreover, we found that infants with severe BPD had the lowest EPC level on day 7. Based on this finding, we propose that the EPC level is negatively correlated with the severity of BPD, indicating that EPCs play a role in the lung vessel growth in premature infants. Circulating EPC level may serve as an indicator for the risk of BPD, however, the exact effects of EPCs on blood vessel growth and on the development of BPD are still unclear.
In the study, we report a higher incidence of BPD. This in an observational study instead of a randomized control trial, the iNO treatment depends on the clinical factors rather than randomize to iNO therapy according to the inclusion criteria. This might result in the more severe degree of lung condition and higher incidence of BPD in iNO group.
It has been recognized that VEGF signaling plays a crucial role during alveolar development in early postnatal life [32, 33] . Blockade of VEGF receptor activity during neonatal period impairs lung structure, similar to lung histology found in BPD [34, 35] . Moreover, VEGF is an important mediator of EPC mobilization [36] . We found that plasma VEGF is persistently reduced from birth to 21 days of age in infants with BPD compared to those without BPD. We speculate that the reduction in VEGF results in a decreased level of EPCs leading to the impairment of lung vascular growth. This observation requires further investigation since the precise mechanism of VEGF impairment is still unknown.
No difference was found in SDF-1 and GM-CSF, though both have been reported to be involved in the EPC mobilization [37, 38] . This difference may be attributed to the different pathobiology of neonatal lungs and to hyperoxia damage. The actual mechanisms by which VEGF mediates the mobilization of EPCs, under conditions such as premature birth, remain unknown.
In recent years, inhaled NO has been used as prophylactic treatment for the prevention of BPD. Experimental studies have suggested that iNO treatment, after neonatal VEGF receptor inhibition, preserves normal alveolar and vascular growth and reduces endothelium apoptosis [17, 39] . A previous study done by our group also showed that NO inhalation promote EPC mobilization and contribute to lung injury repair in the oleic acid induced piglet ARDS model [23] . In the current study, we found that iNO raised the number of circulating EPCs in infants after treatment. To our knowledge, this is the first study to demonstrate that inhaled NO induced an increase in EPC levels in preterm infants. These results suggest that inhaled NO may prevent BPD by increasing the circulating EPC level. Furthermore, the increase in EPCs, after iNO treatment, was associated with an increase in plasma VEGF. One of the downstream effects of VEGF signaling is the activation of eNOS and generation of NO [40, 41] , which is an important factor for EPC mobilization from bone marrow. We speculate that iNO may be effective in BPD through the VEGF signal. However, this is a pilot observational study and we did not evaluate the effects of iNO on the incidence of BPD regarding VEGF. The exact mechanism by which iNO increases VEGF and mobilizes EPCs is still unclear and warrants further investigation.
We did not observe a difference in EPCs between infants with and without PDA, though this finding is not incompatible with a previous study [10] and, may also be due to the impact of GA. Nevertheless, the precise contribution of circulating EPCs to vessel growth is not completely understood.
In conclusion, we found a decrease in the EPC level on day 7 in infants who later developed BPD compared to infants that did not develop BPD. We also found that iNO raised the circulating EPC level along with the level of plasma VEGF. Further studies are needed to elucidate the mechanism for the development of BPD and to clarify the effects of VEGF signal regulation and circulating EPC alteration.
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